Abstract-UHF vibrating micromechanical ring resonators with solid-filled dielectric transducer gaps (as opposed to previous air gaps) operating in a compound-(2,4) mode have been demonstrated at 979.6 MHz with Q's on the order of 3,100 and motional resistances effectively 4.7× smaller than air gap counterparts under identical bias conditions. Due to their higher dielectric constant, substitution of solid dielectric materials for air or vacuum in the electrode-to-resonator gap leads to increased electromechanical coupling in capacitively transduced micromechanical resonators, which in effect generates more output current, and thus, reduces motional resistance. The advantages of using solid dielectric material as the 'gap' are multifold, as it (1) eliminates the need for the final gap release etch in the MEMS fabrication process, thereby enhancing yield; (2) lowers device impedance versus air gap renditions, allowing easier matching to other components; (3) eliminates the possibility of particles getting into an electrode-to-resonator air gap, which would otherwise pose a potential reliability issue; and (4) consolidates the resonator structure, making it less susceptible to shock. This work greatly extends the frequency of direct (as opposed to indirect) solid-gap transduced MEMS resonators, from the previous 60 MHz using a compound (2,1) mode, to now nearly 1 GHz, and in a range desired for RF front ends, using a compound (2,4) mode.
I. INTRODUCTION
Polysilicon capacitively-transduced vibrating micromechanical resonators have so far posted the highest GHz-range on-chip Q's, in excess of 15,000 at 1.46 GHz [1] . However, their relatively high impedances still encumber them in the eyes of RF designers, who generally look to match to the popular 50Ω of mainstream convention. Given the loss advantages of systems based on higher matching impedances, where matching impedances much larger than parasitic resistances allow lower overall losses than lower impedance systems, it would not be surprising if 50Ω systems are soon replaced by higher impedance ones, especially as more components move on-chip, where impedance conventions no longer matter. Still, if impedances do rise, they likely will not rise past the single-digit kΩ range, beyond which parasitic capacitance can limit the system bandwidth if not inductively cancelled or otherwise suppressed. Thus, although 50Ω will likely not ultimately be necessary, a reduction of the impedances of GHz capacitively-transduced micromechanical resonators down to the kΩ range is desirable.
One effective method for lowering impedance entails the use of solid-dielectric material in the electrode-to-resonator gap to increase the permittivity, thereby increase both the drive force and the output current of a given device, provided the Q and amplitude of motion are not reduced too much in the process. Two approaches to solid-gap capacitive transduction have been demonstrated previously: one where direct lateral transduction is used, where lateral forces induce lateral vibrations [2] ; and one where an indirect vertical-to-lateral mechanism is employed, where vertical forces squeeze a structure to induce a lateral resonance motion [3] . To date, the latter has achieved the lowest frequency-impedance products, on the order of (809.1MHz) × (59Ω) = 4.8×10 4 MHz-Ω This work was supported by DARPA. Fig. 1 : Perspective-view schematic of (a) an air-gap micromechanical extensional wine-glass ring resonator; and (b) a solid-dielectric version, both in their typical bias and excitation configurations. Note that in both cases, each output electrode is connected to its corresponding inner electrode. Electrodes A and A', electrodes B and B' are usually electronically connected to serve as input and output electrode, respectively. when using HfO 2 as the dielectric material. The former has so far only been demonstrated using silicon nitride dielectric material, so has not achieved as low an impedance, but has achieved the highest Q's, in excess of 20,200 at 160 MHz.
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To further explore the efficacy of the lateral solid-gap approach at near GHz frequency, this work applies lateral nitride solid gaps to a UHF vibrating micromechanical ring resonator operating in a compound-(2,4) mode, previously dubbed the extensional wine-glass mode in [4] , and compared with an air-gap version in Fig. 1 . The demonstrated device vibrates at 979.6 MHz with Q's on the order of 3,100 on par with previous air-gap versions, and with motional resistances R x effectively 4.7× smaller. Although this reduction factor is somewhat short of expectations, and the demonstrated device could benefit from the use of higher-k dielectric materials to increase the reduction factor, this work still greatly extends the frequency range of direct (as opposed to indirect) solidgap capacitively transduced MEMS resonators from the previous 160 MHz using a compound (2,1) mode [2] to now nearly 1 GHz, and in a range desired for RF front ends, using a compound (2,4) mode.
II. STRUCTURE AND OPERATION OF THE EXTENSIONAL WINE GLASS RING RESONATOR
The compound (2,4) mode ring resonator of this work, shown in Fig. 1 and first demonstrated in [4] , is composed of a 2µm-thick ring structure with an inner radius R in of 36.8µm and an outer radius R out of 50µm. Four pairs of electrodes surround the inside and outside of the ring, with each electrode pair occupying one of four ring quarters defined by support beams attached at the quasi-nodal points of the compound-(2,4) mode, shown in Fig. 2 . In this mode shape, the widths of two diagonal ring quarters expand along one axis, while the other two compress along the orthogonal axis. To effect a "solid-gap" capacitive transducer, the electrode-toresonator gaps are filled with solid silicon nitride, deposited 28-nm thick via low-pressure chemical vapor deposition (LPCVD) at 800 o C. The resonance frequency for the extensional wine-glass ring with solid electrode-to-resonator gaps generally ends up being very close to that of its air-gap counterpart. Ignoring the effect of V P -induced electrical stiffness [5] , the resonance frequency f o for an extensional wine-glass mode ring resonator is given by
where ρ, σ, and E are the density, Poisson ratio, and Young's modulus, respectively, of the ring structural material, and h is a parameter that depends (among other things) upon the inner and outer radius, R in and R out , respectively, of the ring, shown in Fig. 1 , and on the order of the vibration mode shape. The resonance frequency of an extensional wine-glass ring is most accurately specified by (1) . But considering that the extensional wine-glass mode is comprised largely of expansion and contraction about the ring width, which is similar to the longitudinal vibration of a bar, the resonance frequency can be approximately specified by
where W r = (R out -R in ) is the ring width, shown in Fig. 1 , and m is the order of the vibration mode. The strong dependence in (2) on the lateral dimension W r means the frequency of the device can be specified via mere CAD layout, which in turn means that many different frequency resonators can be fabricated onto a single chip in one structural film-a major advantage over many UHF resonators used today, for which frequencies are determined primarily by thickness, which cannot be specified via CAD layout.
To excite the device, a dc-bias voltage V P is applied to the conductive ring and an ac voltage v i to input electrodes. Together, these voltages generate an AC electrical force that drives the device into resonance vibration if the frequency of v i matches the resonance frequency f o . Once vibrating, the ensuing dc-biased time varying electrode-to-resonator capacitors generate output currents that, when plotted versus the frequency of the input, trace out the desired high-Q bandpass biquad transfer function.
III. EFFICACY OF A SOLID-GAP TRANSDUCER
The motional resistance of a capacitively transduced micromechanical resonator is generally given by the expression
where on the left hand side k r is the effective stiffness of the disk; ω o =2πf o is the radian resonance frequency; V P is the DC-bias; and ∂C/∂x is the change in resonator-to-electrode capacitance per unit displacement, which due to the nonuniform extensional wine-glass mode shape in electrode overlap regions, requires integration to accurately specify [6] . An approximation to its value, however, can be obtained by ignoring the mode shape, which then yields the rightmost expression of (3), where A o and d o are the electrode-to-resonator overlap and gap spacing, respectively, of the wine-glass disk resonator; and ε o and ε r are the permittivity in vacuum and the relative permittivity of the gap material, respectively.
Equation (3) indicates that there are multiple ways to reduce R x . As covered in [4] , making the ring larger would in- crease the overlap area A o , hence lower R x , but the degree to which this can be done is limited by the fact that larger rings have a higher tendency to resonate in unwanted spurious modes. Increasing the dc-bias voltage V P effects a square-law reduction in R x , but the value of V P is eventually bounded by pull-in effects [5] or dc supply rails, which are often limited by system considerations. Reducing the disk-to-electrode gap d o , is appealing because R x depends on gap distance d o to the fourth power. The minimum achievable gap distance, however, is limited by the fabrication process technology. In addition, a smaller gap spacing often results in a smaller pull-in voltage, where the resonator pulls in and shorts to an electrode if the applied dc-bias voltage V P is too large. In the face of these limitations, the use of a dielectric material to raise the gap permittivity ε r over that of air (or vacuum) presents an attractive method for reducing R x .
From (3), R x clearly decreases via ε r 2 , which means it can decrease faster than the electrode-to-resonator overlap capacitance C o increases as long as no other parameters in the R x expression cause an offsetting increase in its value. The parameters most likely to counteract the decreasing action of ε r 2 and raise R x are: the Q, which can degrade due to increased dissipation in the solid dielectric layer or its interfaces with the adjacent disk and electrode sidewalls; and the effective stiffness k tot , which increases if introduction of the solid-gap attenuates the vibration amplitude of the resonator to a value below the air-gap case.
From (3), if the decrease in motional resistance R x attained via introduction of a solid gap does not outpace the increase in overlap capacitance (or more importantly, the decrease in capacitive impedance (ω o C o ) -1 ), the design of some applications becomes difficult. For example, single-ended filters constructed in all conductive materials (e.g., all doped polysilicon) suffer from passband distortion if parasitic currents feeding through the C o 's from input to output rise to magnitudes similar to that of the motional current. Thus, for such all-conductive single-ended capacitively-transduced micromechanical filters, a useful metric that gauges whether or not feedthrough-derived passband distortion is a problem can be defined as the ratio between the motional current magnitude and that of the feedthrough current when there is a direct capacitive path from the input to the output of the filter, which in its simplest form can be written as
For a solid-gap to be beneficial over an air-gap capacitive transducer, (4) should increase upon introduction of the solidgap, which means that the motional current increases faster than the feedthrough current.
It should be noted that the choice of (4) as a metric gauging the efficacy of a given capacitive transducer, although convenient and logical for some applications, is not universally relevant. In particular, as shown in [7] , a differential mechanical filter is much less susceptible to overlap capacitance C o than its single-ended counterpart, since it allows for complete cancellation of C o via inductive resonance. In addition, the feedthrough issue is really only problematic for single-ended filters constructed in all conductive materials, since the feedthrough path can be broken by simply using a nonconductive material somewhere in the filter structure, such as done in [10] , where the coupling links were made nonconductive. Furthermore, some oscillator designs, such as the popular Pierce configuration, rely on overlap capacitance to provide phase shifts for proper operation. Thus, although (4) is suggested here as an interesting metric for some singleended filters, the R x reduction factor is perhaps still the best metric by which to gauge solid-gap efficacy.
IV. FABRICATION PROCESS AND PRACTICAL ADVANTAGES
OF SOLID-GAP DEVICES The solid-gap extensional wine-glass ring resonators of this work were fabricated using the process flow of [8] , which is summarized via the cross-sections of Fig. 3 . The fabrication process starts with n+ doping of a silicon wafer to form a ground plane that helps to suppress feedthrough during testing [8] . This is followed by subsequent low-pressure chemical vapor depositions (LPCVD's) of 2 µm oxide and 300 nm nitride as electrical isolation layers. Next, vias for electrical contacts to the n+ layer are dry etched through the nitride and oxide in places not shown in the cross section. A first layer of polysilicon is then deposited, n+ POCl 3 -doped, and patterned, to form electrical interconnects and device-specific ground planes. Successive depositions of 750 nm of a sacrificial oxide, 2 µm of structural polysilicon to later form the resonator structure, and 1.2 µm of oxide to serve as an etch hard mask, are then deposited via LPCVD. (The polysilicon is POCl 3 -doped to n+ before depositing the oxide hard mask.) The oxide hard mask is patterned to the geometry of the polysilicon ring via lithography and dry etching. Vias for the stems that anchor the ring support bases to the substrate are also etched during this step, using the same mask, which effectively selfaligns the anchor stems to the ring. The ring and stem via patterns are then transferred to the polysilicon ring via etching, using the oxide as a hard mask. At this point in the process, the cross-section looks as in Fig. 3 (a) and (a′).
To define the electrode-to-resonator gap, a thin film is next deposited conformally over the whole wafer, and most importantly along the sidewalls of the ring, to a thickness equal to the desired electrode-to-resonator gap spacing. For an air-gap device, this layer is LPCVD high temperature oxide (HTO) deposited at 920 o C, which can be removed along with all the other sacrificial oxides during the hydrofluoric acid (HF) release step at the end of the process. For the present solid-gap devices, the deposited film is silicon nitride, which stays intact during the HF release step. After formation of sidewall spacers, a third layer of polysilicon is deposited 2 µm-thick, n+ POCl 3 -doped, and patterned to form inner and outer electrodes, after which the process cross-sections look as in Fig. 3 (b) and (b′). The structures are finally released in the aforementioned HF release step, where again, the sidewall spacer is removed for air-gap devices, but stays intact for solid-gap devices, leaving the final cross-section shown in Fig. 3 (c) and (c′).
The main difference in the fabrication sequence between air-gap and solid-gap devices is simply that the electrode-toresonator gap material must be removed for air-gap, but not for solid-gap. This turns out to be a major advantage for solid-gap devices, and possibly the most important one. Specifically, the most difficult step in a small lateral air-gap process is removal of the sacrificial sidewall spacer material that defines the gap, since HF might have difficulty getting into the tiny gaps, and etch by-products might block it from getting all the way through. The smaller the air-gap, the more difficult is the release process, hence the lower the yield of functional devices. In contrast, the described solid-gap process has the distinct advantage of not requiring a gap release, so it not only allows a higher yield, but can also achieve much thinner solid-filled gaps, on the order of 28nm versus the 65nm often used for air-gap devices. In addition, finished solid-gap devices are more robust than air gap devices, since they are better stabilized against shock, and they do not suffer from gap contamination issues, where particles or moisture might get into the electrode-to-resonator gap.
V. EXPERIMENTAL RESULTS
Both solid-gap and air-gap (for comparison) devices were fabricated using appropriate versions of the process flow in Fig. 3. Fig. 4 presents the SEM of a completed 980-MHz extensional wine-glass ring.
A. Measurement Strategy
As mentioned above, the increased permittivity of a solidgap capacitively transduced resonator generates significantly larger electrode-to-resonator overlap capacitance C o than typically present for air-gap devices. Although the C o 's of the direct lateral devices of this work are generally much smaller than those of vertical-to-lateral types [3] , they might still encumber measurement of devices if the motional resistance R x reduction attained via use of solid-gaps is smaller than the decrease in (ω o C o ) -1 . In differential devices [7] , this capacitance can be resonated out via an inductive or more functional LC-based frequency shaping circuit. For such differential mechanical circuits, larger values of C o can even be beneficial, since this would permit the use of smaller resonating inductance values, such as the 3-5 nH commonly available on-chip in conventional CMOS technology.
For single-ended devices, however, inductive resonance cancellation is not as simple to implement, since finite interconnect resistance prevents an added inductor from resonating out all the C o capacitance [7] . Thus, for the present effort, rather than resonate out potentially large solid-gap C o 's, it is simpler and more convenient to just separate the motional currents of main interest from the parasitic feedthrough currents induced by C o .
In this work, the mixing method of [9] , shown in the schematic of Fig. 5 , is used to separate motional currents from feedthrough currents in the frequency domain. Here, the application of a local oscillator (LO) to the resonator structure allows the resonator to be driven via a radio frequency (RF) signal that mixes with the LO via nonlinearity in the capacitive transducer, thereby generating a force component at the difference frequency, ω RF -ω LO . When ω RF -ω LO =ω o , the resonance frequency of the ring, the ring vibrates at ω o , generating a motional current at ω o widely separated from feedthrough at the RF and LO frequencies. This then allows a spectrum analyzer operating in MAX HOLD mode to detect resonance motional currents all by their lonesome, without interference from feedthrough. Resonator frequency characteristics obtained in this manner are thus quite clean, allowing a very accurate determination of the degree of R x reduction provided by solid-gap transducers, plus a very accurate measurement of the actual mechanical Q of the device under test.
It should be noted that mixing measurement is only a characterization method. In an actual application, unless the device in question is a mixler [10] , devices are not operated in this way. In particular, a filter utilizing resonators like these must be properly terminated and measured directly, not via mixing, since this is how it would be used in the actual application. For this work, however, mixing is quite appropriate for solid-gap resonator characterization, since it yields much more accurate results.
B. Measurement Results
Each measured sample was prepared by first attaching a die containing devices onto a custom-built test board and bond wiring device pads to appropriate metal interconnect traces on this board. To enable vacuum measurements, the test board was then inserted into a custom-built vacuum chamber that allowed connection of test board I/O ports through the vacuum interface to measurement instrumentation on the outside. Fig. 6 and Fig. 7 present frequency characteristics measured in vacuum using the mixing set-up of Fig. 5 for air-gap and nitride-gap versions, respectively, of extensional wineglass rings, like that shown in Fig. 4 . Because the output in the measurement setup is sensed by a spectrum analyzer in MAX HOLD mode, these frequency plots represent only the raw output of the resonator power attenuated by the impedance mismatch between the resonator and the 50Ω input of the spectrum analyzer. This explains the dBm units on the yaxis. The somewhat very low values of dBm are caused by a rather large impedance mismatch between the measured devices and 50Ω.
The two resonators measured here are identical, except the one in Fig. 6 has a 65 nm air gap, and the one in Fig. 7 has a 28 nm nitride gap. Immediately apparent is that their resonance frequencies, at 1000.6 MHz and 979.6 MHz, respectively, are quite close, and this facilitates the prediction of frequency for the solid-gap device. Interestingly, the 3,160 Q of the solid-gap device is actually higher than the 2,200 of the air-gap device-something that presently eludes rigorous explanation, but which might be attributable to simple process-related variance in device Q's. More data on these devices are needed to determine statistical characteristics, such as mean and standard deviation, before any concrete conclusions can be made, here. However, the fact that the Q of the solid-gap device is on par with that of the air gap, is at least encouraging. However, the Q less than 10,000 for both, although sufficient for pre-select filters, is not sufficient for RF channel-selection [11] , so is somewhat disappointing. Further study is needed to isolate the cause of the lower Q, which quite possibly might just be a peculiarity of this specific process run.
For fair comparison of motional resistance, the data for the air-gap device, originally taken with V P =7V and V LO =8V, was adjusted using known (and proven) dependencies on dcbias and local oscillator amplitude to allow a direct comparison under the same bias conditions between the two devices, with V P =5V and V LO =4V. After the adjustment, a decrease in solid-gap R x (versus air-gap) of 4.7× is seen, which is good, but disappointing, since this is smaller than the permittivity increase of 7.8×, meaning that for this particular 980-MHz device, the C o capacitance increased faster than the motional resistance R x decreased when the nitride gap was introduced, making an all-polysilicon single-ended version of this device more susceptible to feedthrough than its air gap counterpart. Even worse, the FOM value is 5.4×10 -4 for the air gap device, and 1.4×10 -4 for the nitride-gap device, further indicating that the introduction of the nitride-gap was not beneficial from a performance perspective, at least for all-conductive singleended devices.
Thus, at least in this instance, the introduction of solidgap capacitive transducers did not improve the FOM. In fact, if an air-gap device with the same 20 nm gap as the solid-gap device were achievable, theory predicts that the air-gap device would far outperform the measured solid-gap one, in both R x and FOM. It appears that the need to compress and expand the solid nitride gap layer has a more encumbering effect on the present devices than on previous wine-glass disks [2] , as might be expected when considering that the ring frequencies are quite different from the wine-glass disks, so the wavelength-optimized gap-electrode thickness needed to maximize the edge-to-edge displacement of the solid-gap is different.
Although an FOM improvement was not observed, here, the other benefits of solid-gap transduction were still seen, such as higher fabrication yield and greater motional current (than the achievable 65 nm air-gap version). For differential or partially non-conductive mechanical filters [7] , and for oscillators, these are more important than the FOM, so the use of nitride-gaps does prove quite useful for these applications. To attain even greater reductions in R x , gap materials with much higher permittivity than silicon nitride are attractive, such as HfO 2 or Barium Strontium Titanate (BST). Work to incorporate these is in progress.
VI. CONCLUSIONS
UHF vibrating micromechanical ring resonators with solid-filled dielectric transducer gaps (as opposed to previous air gaps) operating in a compound-(2,4) mode have been demonstrated at 979.6 MHz with Q's on the order of 3,100 and motional resistances 4.7× smaller than air gap counterparts under identical bias conditions. This work greatly extends the frequency of direct (as opposed to indirect) solid gap transduced MEMS resonators, from the previous 60 MHz using a compound (2,1) mode, to now nearly 1 GHz, and in a range desired for RF front ends, using a compound (2,4) mode. However, the performance enhancement afforded by solid-gap capacitive transducers in this work was somewhat less than desired, since the reduction factor attained for motional resistance was smaller than the factor by which the electrode-to-resonator overlap capacitance increased, and this can be problematic for some single-ended (as opposed to differential) applications of micromechanical resonators. To remedy this, work towards optimizing the solid-gap material type and thickness to allow maximum gap material expansion and contraction is ongoing.
